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BRIEF  SUMMARY  OF  RESEARCH  FINDINGS 


Shear  Bands  in  WHA 

Pressure-shear  plate  impact  has  been  used  to  study  the  formation  of  shear  bands  in  a 
liquid-phase  sintered  tungsten  heavy  alloy'(WHA).  The  experiment  (See  Fig.  1)  involves 
the  shearing  of  a  thin  foil  specimen  sandwiched  between  two  hard  tungsten  carbide  plates. 
The  specimen,  which  is  carefully  lapped  to  thicknesses  between  50  p  and  100  pm,  is 
subjected  to  simple  shear  for  2  /jls  at  nominal  shear  strain  rates  between  10  and  10  s  , 
under  pressures  of  the  order  of  10  GPc.  Plane  wave  loading  is  achieved  by  the  impact  of 
a  thin  specimen,  bonded  to  the  front  of  a  tungsten  carbide  flyer  plate,  with  a  stationary 
anvil  plate.  Combined  pressure  and  shear  loading  is  obtained  by  having  the  parallel  impact 
faces  inclined  relative  to  the  direction  of  approach.  The  stress  and  strain  rate  histories  are 
measured  by  monitoring  the  impact  velocity  and  the  transverse  and  normal  motions  of  the 
rear  surface  of  the  anvil  plate.  Stress-strain  curves  are  obtained  from  the  recorded  histories 
of  stress  and  nominal  strain  rate.  The  dynamic  stress-strain  curves  obtained  (See  Fig.  2) 
show  that  the  flow  stress  of  the  alloy  is  approximately  45  %  greater  than  at  strain  rates  of 
103s-1 .  Downward  slope  of  the  stress-strain  curves  indicates  that  thermal  softening  due 
to  plastic  dissipation  overcomes  strain  hardening  under  dynamic  conditions.  When  the 
nominal  shear  strain  reaches  a  critical  value,  which  is  between  1  and  1.5,  the  shear  stress 
sustained  by  the  specimen  drops  dramatically  signifying  the  onset  of  shear  localization  and 
the  formation  of  a  shear  band  in  the  specimen. 


(a) 


(b) 


Figure  1:  Pressure-shear  impact  of  a  thin  specimen  sandwiched  between  two  elastic  plates. 
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Scanning  electron  microscopy  is  used  to  study  the  morphology  of  the  shear  band.  The 
shear  band,  located  approximately  in  the  middle  plane  of  the  thin  specimen,  is  found  to 
be  5  to  10  fim  in  width  and  involves  both  the  tungsten  grains  and  the  tungsten-nickel- 
iron  (W-Ni-  Fe)  matrix  (binder)  phase.  (See  Fig.  3)  The  distorted  grains  form  tear¬ 
drop  shapes.  The  tails  of  the  tear-drops,' together  with  the  neighboring  matrix,  form  the 
intensely  deformed  shear  band. 


Figure  2:  Experimental  stress-strain  curve  for  WHA  alloy  (93- W,  4.9Ni,2.1Fe)  in  pressure 
shear  at  7  =  5.4  x  105s-1  and  an  =  9.6GPa.  Curves  (a)-(e)  are  computed  curves 
for  the  grain-matrix  microstructures  shown  in  Figure  4.  Curve  (f)  corresponds 
to  the  digitized  microstructure  (c),  but  with  adiabatic  conditions  assumed. 


Figure  3:  Deformed  microstructure  of  a  WHA  specimen  after  pressure-shear  plate  impact, 
showing  a  shear  band  at  the  midplane.  (The  slight  bending  of  the  specimen 
occurred  when  it  was  arrested  inside  a  catcher  tank  filled  with  soft  lead  plates.) 
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Figure  4:  Grain-matrix  distributions  used  in  the  plane  strain  numerical  analyses;  (a) 
circular  grains  embedded  in  a  soft  matrix;  (b)  circular  grains  embedded  in  a 
soft  matrix,  obtained  by  rotating  (a)  by  90°  counter-clockwise;  (c)  digitized  mi- 
crostructure  from  the  micrograph  of  the  actual  alloy;  (d)  digitized  microstructure 
with  the  grain  size  reduced  by  a  factor  of  1.75;  (e)  the  same  grain-matrix  distri¬ 
bution  as  in  (d)  with  the  grain  volume  fraction  reduced  to  76.8%.  Distributions 
(a)-(d)  have  the  same  grain  volume  fraction  of  87.7%. 


Finite  element  simulations  of  the  impact  experiments  have  been  performed  consider¬ 
ing  the  effects  of  finite  deformations,  inertia,  material  thermal  softening,  rate  sensitivity, 
elasticity,  strain  hardening  and  heat  conduction.  The  effect  of  microscopic  material  inho¬ 
mogeneity  is  considered  by  modeling  the  material  as  a  composite  of  an  array  of  cylindrical 
tungsten  grains  connected  by  a  matrix  binder  phase.  (See  Fig.  4)  The  tungsten  grams 
have  high  density,  high  flow  stress,  high  melting  temperature,  low  rate  of  strain  hardening 
and  low  specific  heat  while  the  matrix  has  lower  density,  lower  flow  stress,  lower  melting 
temperature,  higher  rate  of  strain  hardening  and  higher  specific  heat.  In  order  to  obtain 
the  mechanical  behavior  of  the  constituent  grains  and  matrix,  pressure-shear  plate  impact 
experiments  are  conducted  on  both  pure  tungsten  and  a  custom-made  matrix  alloy.  The 
matrix  alloy,  having  a  composition  of  25 wt%W,  50w t%Ni  and  25ud%Fe,  which  is  similar 
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MATRIX 


Figure  5:  Distributions  of  (a)  equivalent  plastic  strain  rate  e,  (b)  equivalent  plastic  strain  e, 
(c)  temperature,  and  (d)  equivalent  stress  <7  at  2  /is  after  impact  for  the  digitized 
microstructure  shown  in  Figure  4(c). 


to  the  reported  compositions  of  the  matrix  phase  in  tungsten  heavy  alloys,  is  believed  to 
have  similar  response  to  that  of  the  matrix  phase  in  the  heavy  alloy.  Simulation  of  the 
experiments  demonstrates  that  conduction  of  heat  into  the  anvil  and  flyer  plates  plays  an 
important,  role  in  determining  the  location  of  the  shear  band  relative  to  the  impact  face. 
The  plane  strain  simulations  demonstrate-olearly  the  development  of  a  shear  band,  as  ob¬ 
served  in  the  experiments.  (See  Fig.  5)  The  calculated  equivalent  plastic  strains  inside  the 
band  are  of  the  order  of  12.  The  relatively  lower  strength  of  the  matrix  gives  it  a  higher 
rate  of  plastic  straining  initially.  Subsequently  its  strength  increases  substantially  because 
of  its  relatively  high  rate  of  strain  hardening.  The  hardening  of  the  matrix  causes  the 
tungsten  grains  to  begin  to  account  for  a  greater  proportion  of  the  plastic  deformation.  As 
the  two  phases  are  softened  by  the  heat  generated  from  plastic  dissipation,  the  deformation 
localizes  into  a  band  involving  both  the  matrix  and  the  grains,  thus  exhausting  the  stress 
carrying  capacity  of  the  composite.  The  width  of  the  band  agrees  well  with  that  observed 
in  experiments.  From  varying  the  thermal  conductivity  in  the  computer  simulations,  and 
from  theoretical  analyses,  the  width  of  the  band  has  been  shown  to  be  governed  by  thermal 
conductivity. 

Shear  Bands  in  4340  Steel 

Experiments  have  been  conducted  to  investigate  the  process  by  which  adiabatic  shear 
bands  are  formed  in  an  AISI  4340  VAR  steel  (425  °C  temper).  To  produce  the  shear 
bands,  short,  thin- walled  tubular  specimens  were  deformed  in  torsion  at  a  nominal  shear 
strain  rate  of  about  103  s'1  in  a  torsional  Kolsky  bar  apparatus  (split-Hopkinson  bar). 
Strains  of  a  few  hundred  percent  and  local  strain  rates  of  105  s  1  were  reached  in  the 
region  of  localization.  The  temperature  rise  in  the  band,  recorded  using  an  array  of  infra¬ 
red  detectors,  was  approximately  460  °C.  Observations  of  deformed  samples  by  means  of 
transmission  electron  microscopy  (TEM)  revealed  that  the  microstructure  of  the  material 
within  the  shear  band  is  characterized  by  highly  elongated  subgrains  and  by  dislocation 
cells  as  shown  in  Figure  6.  Selective  area  diffraction  showed  a  variation  from  a  ring  pattern 
at  the  center  of  the  shear  band  to  a  spot  pattern  at  the  edge  of  the  band.  The  rings  index 
as  o-Fe  (bcc);  no  ring  has  a  radius  corresponding  to  the  calculated  radius  for  the  bet 
martensite  phase  corresponding  to  the  carbon  content  of  the  steel.  From  this  evidence  it 
is  concluded  that  the  shear  band  development  did  not  involve  a  phase  transformation  to 
austenite  and  a  subsequent  quenching  to  martensite  since  no  martensitic  phase  is  present 
in  the  shear  bands. 
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Figure  6:  (a)  Bright  field  image  of  shear  band  showing  narrow,  elongated 'subgrains;  (b) 
dislocation  cell  structure  at  the  edge  of  the  shear  band.  (The  shearing  direction 
is  shown  by  the  double  arrow  in  (a)  and  is  vertical  in  (b).) 
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